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The expression of ciliary neurotrophic factor receptor a (CNTFRa) was investigated in the developing chick dorsal root
ganglion (DRG) using af®nity-puri®ed anti-CNTFRa antibodies. At thoracic levels, CNTFRa-immunoreactivity (CNTFRa-
IR) was ®rst observed at stage 19 (E3) in cells with neuronal morphology. CNTFRa-IR is restricted to the neuronal lineage
in the DRG throughout development. CNTFRa expression precedes that of neuron-speci®c b tubulin, Hu antigen, and
Q211 antigen, which are markers expressed in developing sensory neurons. [3H]Thymidine-labeling studies showed the
onset of CNTFRa expression during terminal mitosis of sensory neuron precursors, making CNTFRa the earliest known
neuronal marker in the DRG. CNTFRa-mediated signal transduction was demonstrated in E7 and E11 DRG neuron cultures
by CNTF-induced STAT3 phosphorylation. Although low ligand concentrations (5 pM) elicit STAT3 phosphorylation in
E7 and E11 DRG neurons, a survival response is only observed in neurons from E11 DRG. This implicates a complex
readout mechanism downstream of STAT3 phosphorylation leading to different cellular responses that depend on the age
of the DRG neuron. These results argue against a role of CNTFRa ligands in the control of early neuron survival but are
compatible with other functions in neurogenesis and sensory neuron development. q 1997 Academic Press
INTRODUCTION heim et al., 1991) and after axotomy (Sendtner et al., 1990;
Clatterbuck et al., 1994; Qin-Wei et al., 1994) and seems
to affect synapse elimination/stabilization (Hollyday, 1995).Ciliary neurotrophic factor (CNTF) was initially identi-
Sensory neuron differentiation is promoted by CNTF in®ed as a survival factor for chick ciliary neurons, but subse-
mouse neural crest cultures (Murphy et al., 1994). In nodosequently it was observed that CNTF mediates survival and
ganglion cultures from E16 rats, CNTF supports the sur-differentiation effects for many neuronal lineages and also
vival of 50% of the neurons, with a loss of responsivenessfor glial cells. CNTF acts on sympathetic neurons (Erns-
with increasing age (Thaler et al., 1994). The survival ofberger et al., 1989; Saadat et al., 1989), peripheral sensory
embryonic chick DRG neurons is supported by CNTF, butneurons (Barbin et al., 1984), many central nervous system
the neurons start responding to CNTF much later than toneuron populations (Ip et al., 1991; Blottner et al., 1989;
the neurotrophin NGF (Barbin et al., 1984).Meyer-Franke et al., 1995; Fuhrmann et al., 1995; Ezzedine
The actions of CNTF are mediated by a heteromeric re-et al., 1997), and on oligodendrocyte precursor cells (Barres
ceptor complex, which consists of a ligand-binding receptoret al., 1993). The effects of CNTF on motor neurons have
subunit, CNTFRa, and two signal-transducing subunits,been studied in detail and it has been found that CNTF is
LIFRb and gp130 (for review, see Stahl and Yancopoulos,able to maintain spinal cord motor neurons in vitro (Ara-
1994). CNTF activates the receptor by binding to CNTFRakawa et al., 1990; Martinou et al., 1992). In vivo, CNTF
®rst and the CNTF-bound CNTFRa then forms a signalingreduces motor neuron death during development (Oppen-
receptor complex with LIFRb and gp130. As gp130 and
LIFRb are assumed to be ubiquitously expressed, the selec-
tive action of CNTF on cells of the nervous system is1 To whom correspondence should be addressed.
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thought to be due to the preferential expression of CNTFRa expression remains restricted to the neuronal population in
the DRG. CNTFRa does mediate a survival response inin this tissue. CNTFRa expression in the nervous system
has been analyzed at both the RNA and protein levels by neurons from E11, but not E7 DRG, although CNTFRa is
strongly expressed and STAT3 phophorylation is inducedin situ hybridization and immunohistochemistry, respec-
tively. CNTFRa expression in the adult rat was found in by CNTF at both ages. These results demonstrate that func-
tional CNTF receptors are present during early sensory neu-many types of neurons with particularly high levels in some
sensory neurons, neurons involved in motor control, and in ron development, suggesting roles in neurogenesis or sen-
sory neuron differentiation, but argue against a role of thisthe hippocampus (Lee et al., 1997). During development,
high levels of CNTFRa were observed in differentiating receptor in early neuron survival.
neurons (Ip et al., 1993; MacLennan et al., 1996; Lee et al.,
1997) but expression was also found in parts of the ventricu-
lar zone of neonatal rat neuroepithelium (Lee et al., 1997). MATERIAL AND METHODS
As the onset of CNTFRa expression in speci®c neuronal
populations was not analyzed in detail, it remains unclear Antibodies
whether CNTFRa is expressed in proliferating, undifferenti-
CNTFRa protein (aa position 22 to 341, GenBank Accession
ated neuron progenitors or starts being expressed after with- number Z48168) was produced as a C-terminal His-tagged variant
drawal from the cell cycle and the onset of neuron differenti- with the Qiagen bacterial expression system (Qiagen) and puri®ed
ation. This issue is of interest, as an involvement of CNTF over a Ni2/NTA-agarose column with urea/guanidin buffers ac-
in the control of neurogenesis was implicated from the abil- cording to the supplier's protocol. The denatured protein was subse-
ity of CNTF to interfere in vitro with the proliferation of quently renatured in a glutathione redox buffer according to pre-
viously described protocols (Panayotatos et al., 1994). Soluble andimmature sympathetic neurons (Ernsberger et al., 1989) and
insoluble protein fractions were used for the immunization of rab-of a sympathoadrenergic cell line (Ip et al., 1994). The wide-
bits at Eurogentec (Belgium). The sera of two rabbits immunizedspread neuronal expression of CNTFRa during early ner-
with soluble CNTFRa protein recognized native CNTFRa proteinvous system development (Ip et al., 1993; MacLennan et
in immunocyto- and imunohistochemistry and the serum with theal., 1996) suggests a general role of this receptor for neuronal
highest titer was af®nity-puri®ed and used in all experiments de-
development. However, the elimination of functional scribed in this paper. For af®nity puri®cation 2 mg of renatured,
CNTFRa in transgenic mice has revealed that CNTFRa soluble His-tagged CNTFRa was immobilized to a divinyl sulfone-
signaling is required for motor neuron development, but activated agarose matrix according to the supplier's protocols (Kem-
not for survival of other investigated CNTFRa-expressing En-Tec, Copenhagen). The antibody fractions were supplemented
neuronal populations, such as sympathetic or sensory DRG with 0.2% BSA, dialyzed against PBS, and concentrated using Cen-
tricon 30 (Amicon). The monoclonal antibodies Q211 (Rohrer etneurons (DeChiara et al., 1995). These results raise the
al., 1985; RoÈ sner et al., 1988) and O4 (Rohrer et al., 1985; Sommerquestions: at what points of development is CNTFRa ex-
and Schachner, 1981) were used as markers for neurons and glialpressed in different neuronal populations, whether these
cells, respectively. TuJ1 antibody recognizing neuron-speci®c b tu-receptors would already be functional, and what these func-
bulin and anti-Hu antibody (Mab 16A11) were generously providedtions might be.
by T. Frankfurter (University of Virginia, Charlotteville) and M.
We have addressed these issues in the chick embryo, as Marusich (University of Oregon, Eugene), respectively. For the
considerable data are available on the onset of CNTF re- analysis of STAT3 two different antibodies were used. A mono-
sponsiveness of different neuron populations both in vitro clonal antibody that recognizes total STAT3 (Transduction Labora-
and in vivo in this species (Barbin et al., 1984; Manthorpe tories, S21320) and a polyclonal antiserum (New England Biolabs,
and Varon, 1985; Ernsberger et al., 1989; Oppenheim et al., 9131) that speci®cally recognizes phosphorylated STAT3 (on tyro-
sine 705).1991). In the chick a CNTF-like cytokine, growth promot-
ing activity (GPA), is the only neurokine identi®ed so far
(Eckenstein et al., 1990; Leung et al., 1992). Both CNTF
Western Blotting and Quanti®cation of Westernand GPA bind to and activate CNTF receptors in mamma-
Blotslian and avian neurons (Heller et al., 1993, 1995; reviewed
in Finn and Nishi, 1996). Depending on the developmental stage, 50±100 dorsal root gan-
glia or 20±60 sympathetic chain ganglia from the lumbosacral re-We now extend our previous study on the developmental
gion were collected and either stored at 0707C or directly subjectedexpression of chick CNTFRa formerly called GPARa
to lysis. The material was homogenized by strong trituration in(Heller et al., 1995), using a speci®c anti-chick CNTFRa
100 ml of lysis buffer (50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 40antibody. Our analysis is mainly focused on the developing
mM NaF, 5 mM EDTA, 5 mM EGTA, 1 mM orthovanadate, 1%DRG as a well-characterized model system for studying
Triton-X-100, 0.1% deoxycholate, 0.1% SDS, 1 mM phenylmethyl-neurogenesis and neuron survival. We have found that
sulfonyl ¯uoride (PMSF), 10 mg/ml aprotinin) on ice. After a short
CNTFRa-IR, starting at stage 19 (Hamburger and Hamilton, centrifugation the supernatant was collected, and the pellet homog-
1951), is evident throughout the period of neurogenesis in enized and centrifuged again. The protein content of the combined
the developing DRG. [3H]Thymidine-labeling studies show supernatants was determined according to the Microplate Assay
that CNTFRa is detectable in dividing neuron precursors Protocol (Bio-Rad), which is compatible with low amounts of pro-
tein and the presence of detergents. Identical amounts of proteinand is strongly expressed in early postmitotic neurons. The
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were then subjected to conventional SDS±PAGE and semidry blot- with antiserum (diluted 1:400) for 20 min at room temperature.
After washing and ®xing for 15 min in 4% paraformaldehyde inting to nitrocellulose. The membrane was blocked with 2% PVP
(polyvinylpyrrolidone, Sigma) in TBST (10 mM Tris/HCl, pH 8.0, PBS, the cultures were treated with a biotinylated secondary anti-
body (anti-rabbit (Dianova), diluted 1:200) and speci®c binding was150 mM NaCl, 0.05% Tween 20) for 1 hr at RT before incubation
with the CNTFRa antiserum (1:10,000, 16 hr, 47C). After washing visualized by subsequent staining with FITC- or Texas Red-labeled
streptavidin (Amersham, diluted 1:100). After washing the cellsand incubation with anti-rabbit HRP-coupled secondary antibodies
(1:5000, 1 hr, RT, Sigma) the blots were developed using standard and mounting in glycerol:PBS (1:1, v/v), the cells were viewed with
epi¯uorescent illumination. For double-immunocytological stain-ECL according to the manufacturer's instructions (Amersham). For
the analysis of STAT3 in sensory neurons, approximately 200,000 ing of CNTFRa and neuron-speci®c b tubulin or Hu antigen, cells
were incubated with anti CNTFRa as above. After washing andcells were treated with CNTF (1 ng/ml) for 0, 2, 5, and 10 min
and then subjected to lysis in 40 ml of lysis buffer using a rubber ®xing, the cells were permeabilized and incubated with anti neu-
ron-speci®c b tubulin antibody (1:300) or anti-Hu antibody (1:100)policeman. Collection of supernatant, determination of protein
content, and SDS±PAGE were performed as described above. The in PBT-1 (PBS supplemented with 0.1% Triton and 1% BSA). After
washing the cells were incubated with biotinylated anti-rabbit anti-nitrocellulose membrane was blocked with 5% milk powder in
TBST followed by incubation with the anti-phospho-STAT3 antise- body as above, followed by CY3-streptavidin (Dianova, 1:500) and
FITC-coupled secondary anti-mouse antibody (Dianova, 1:100).rum (1:1000, 2 hr, RT). After washing and incubation with anti-
rabbit HRP-coupled secondary antibodies (1:5000, 1 hr, RT, Sigma) After washing and mounting in glycerol:PBS (1:1, v/v), the cells
were viewed with epi¯uorescence illumination.the blots were developed as described above. The blots were then
stripped by three washes (1 hr, 377C) in 0.15 M glycine (pH 3.0) For complement-mediated cytotoxic kill of sensory neurons we
used the O211 antibody on E5 DRGs, as described previouslywith strong shaking and controlled for complete removal of the
antibody-coupled HRP activity by ECL. The blots were then (Rohrer et al., 1985; Rohrer and Thoenen, 1987). The selected popu-
lation of cells was then analyzed for the coexpression of CNTFRablocked again (5% milk powder in TBST) and incubated with the
anti-STAT3 antibody (1:4000, 2 hr, RT). After washing and incuba- and the neuron-speci®c antigen Q211 after 3 and 24 hr by double
immunocytochemistry as described above.tion with anti-mouse HRP-coupled secondary antibodies (1:5000,
Sigma, 1 hr, RT) the blots were developed in ECL as described For analysis of STAT3 expression and STAT3 phosphorylation
E7 and E11 neuron cultures were set up. E11 DRG cells were pre-above.
For quanti®cation we analyzed scanned images of the obtained plated to enrich for the neuronal population (Barde et al., 1980).
Both E11 and E7 DRG cells were plated at a density of approxi-Western blots using the program NIH Image 1.54 on Macintosh
computers as described earlier (v. Holst et al., 1997). The relative mately 200,000 cells onto polyornithine/laminin-coated dishes (35
mm, Nunc) in the presence of NGF [10ng/ml] (Ernsberger et al.,intensities of the STAT3 and phospho-STAT3 bands were then
compared. 1989). The cells were challenged with 1ng/ml rat CNTF after one
day in vitro as detailed above.
Immunohistochemistry
[3H]Thymidine-Labeling Studies
Chick embryos were washed in PBS and ®xed with 4% paraform-
Embryos were windowed at E3 and further incubated. At E5aldehyde in 0.1 M phosphate buffer, pH 7.3, for 4 hr at 47C. Thereaf-
[methyl-3H]thymidine (Amersham 51 Ci/mmol) was applied (25ter, the embryos were washed twice and dehydrated at 47C in 30%
mCi in 50 ml PBS/penicillin/streptomycin) directly onto the vascu-sucrose. Cryostat sections (7±10 mm) of frozen tissues embedded
larized chorioallantoic membrane (CAM). After sealing the windowin Tissue Tek (Miles) were dried on gelatine-treated slides for 1 hr
with transparent tape (Scotch) and further incubation for 3 or 24at 377C. After rehydration in PBS containing 0.2% Triton X-100,
hr, the ganglia were dissected, dissociated to single cells, plated,10% donkey serum, and 10% fetal calf serum (PTDF), sections
and immunostained with anti CNTFRa antibody as describedwere incubated with the primary antibody at room temperature
above, using Cy3-labeled streptavidin (Dianova, 1:500). After stain-overnight. CNTFRa antibody and Q211 antibody were diluted
ing, the cells were dehydrated and covered with photographic emul-1:400 and 1:100, respectively. After washing with PTDF, anti-rabbit
sion. After an exposure period of 9±10 days, the specimens wereIgG (1:10) or anti-mouse IgG (1:100) in PTDF was applied for 45
developed and the silver grains, as well as the staining for themin at room temperature. The sections were again washed and
surface markers, were viewed using bright-®eld optics and epi¯u-incubated for 45 min with rabbit or mouse PAP complex (Dianova),
orescent illumination, respectively (for details see Rohrer anddiluted 1:100 in PTDF. The sections were then washed with 20
Thoenen, 1987).mM Tris±phosphate buffer, pH 7.8, stained using 3,3*-diaminoben-
zidine as a substrate, and subsequently coverslipped in glycerol
(50% in PBS). To analyze whether the staining was speci®c the
antibody was preincubated with 10 mg of af®nity-puri®ed CNTFRa RESULTS
for 3 hr in PTDF. All observations are based on examination of
tissue from at least three embryos.
CNTFRa Is Expressed during Early Nervous
System Development
Cell Culture and Imunocytochemistry To study the expression of CNTFRa protein, a polyclonal
antiserum was raised in rabbits against recombinant, solu-Cultures of E5 to E11 DRG cells and staining of neuron- and
ble chick CNTFRa. The antiserum was puri®ed by af®nityglia-speci®c surface antigens with the monoclonal antibodies Q211
chromatography on columns containing chick CNTFRa.and O4 were carried out as described previously (Rohrer et al.,
1985). For staining of native CNTFRa, the cells were incubated Western blot studies with homogenates of DRG, spinal
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FIG. 1. Western blot characterization of anti-CNTFRa antiserum.
8 mg of total protein lysates from different tissues was separated
on a nonreducing 9% SDS±PAGE gel and immunoblotted. The
antibodies recognize a single protein of approximately 70 kDa,
equivalent to the estimated size of CNTFRa, in E7 sympathetic
ganglia (lane 1), DRG (lane 2), and spinal cord (lane 3). The same
amount of total protein was applied to each lane. Note that DRG
homogenates contain the highest levels of CNTFRa compared to
the other tissues. The position of the marker proteins from a molec-
ular weight standard are indicated on the right.
cord, and sympathetic ganglia indicate that the antiserum
predominantly recognizes a protein that migrates with an
apparent molecular weight of 70 kDa (Fig. 1). This size is
slightly smaller than that previously determined (73 kDa)
in crosslinking studies for chick CNTFRa, expressed in a
mammalian cell line (Heller et al., 1995). The speci®city of
the antiserum for CNTFRa is further demonstrated by the
absence of speci®c staining in immunohistochemical stain-
ings of sections (Figs. 2 and 3) and Western blots (not shown)
after preincubation of the antiserum with CNTFRa.
Immunohistochemical staining of cross sections of devel-
oping chick embryos at brachial levels revealed CNTFRa-
IR in the DRG, spinal cord, and sympathetic ganglia, i.e.,
the sites that previously have been shown to express
CNTFRa mRNA (Heller et al., 1995). In the developing
DRG, CNTFRa was ®rst detectable in a few cells at stage
19 (Fig. 2A, insert). The staining of DRG and spinal cord
was completely blocked by preincubation of the antibody
with CNTFRa (Figs. 2B and 3E). Further evidence for the
speci®city of the staining is provided by the different stain-
ing pattern obtained with an antibody against the general
neuronal surface antigen, Q211 (Rohrer et al., 1985; RoÈ sner
et al., 1988) (Fig. 2C). The Q211 antigen is not detectable
FIG. 2. Immunohistochemical localization of CNTFRa and Q211in the DRG at stage 19 (Fig. 2C). CNTFRa-IR increased
in embryonic spinal cord and PNS. (A±C) Cross sections of stageduring the following stages in the DRG (Fig. 3). In particular,
19 chick embryos at brachial levels were stained for CNTFRa (A,B)the entry zone of sensory ®bers from the DRG provides a
or Q211 (C). Arrows indicate CNTFRa-positive DRG neurons in
strong signal in the spinal cord. Maximum levels of (A). The insert displays the morphology of sensory DRG neurons
CNTFRa-IR were observed at stages 27 to 30 (E6-E7) with at higher magni®cation. Triangles indicate areas of increased
continued high expression throughout the period of devel- CNTFRa-IR in the spinal cord (A). In (B) the anti-CNTFRa antise-
opment analyzed (stage 38 (E12), Fig. 3F). Western blot anal- rum was preincubated with the antigen. Please note that the stain-
ing of the notocord is unspeci®c. Scale bar, 50 mm.ysis of CNTFRa expression in protein extracts from DRG
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FIG. 3. Immunohistochemical localization of CNTFRa in embryonic spinal cord and PNS. Cross sections of stage 21 (A), stage 24 (B),
stage 27 (C), stage 30 (D,E), and stage 38 (F) at the brachial level were probed for CNTFRa. In (E) the anti-CNTFRa antiserum was
preincubated with the antigen. Scale bar in A, B: 50 mm; in C±F: 100 mm.
revealed a small decrease between E7 and E11 (data not (Fig. 2A). The cells stained in the ventral region represent,
at least partially, motor neurons, as their processes projectshown).
Although the expression of CNTFRa in the spinal cord into the developing ventral root. During development, the
staining in the dorsal region disappears, whereas CNTFRaand sympathetic ganglia is not the main focus of the present
study, it may be worthy of comment. CNTFRa-IR is present was clearly detectable on cells of the developing motor col-
umn (Fig. 3), and this signal reached an apparent maximumat stage 18/19 at low levels throughout the spinal cord and
at higher levels in two distinct dorsal and ventral regions at stage 27/30. Later during development, at E11, the stain-
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and stained for cell type-speci®c antigens. We have pre-
viously demonstrated that after the period of neurogenesis,
all DRG cells can be identi®ed as neurons, glial cells, or
®broblast-like cells by the selective expression of the Q211
antigen, O4 antigen, or ®bronectin, respectively (Rohrer et
al., 1985). Using 1-day cultures of dissociated cells from
E5 or E11 DRG, we observed that all cells with neuronal
morphology stained for CNTFRa (Fig. 4). In addition, double
labeling for CNTFRa and Q211 demonstrated that all
CNTFRa-expressing cells were also positive for the neu-
ronal marker Q211 (99.5 { 0.5% and 98.6 { 2% at E5 and
E11, respectively) (e.g., Fig. 4). No staining was observed in
the nonneuronal cell population (Figs. 4D±4F). The punc-
tate cell surface staining for CNTFRa (Figs. 4B and 4E) may
be explained by the aggregation of GPI-linked CNTFRa by
the polyvalent antibodies.
CNTFRa-IR Is First Detectable in Proliferating
Sensory Neuron Precursor Cells
When the DRG ganglion cell composition during neuro-
genesis (E5) is analyzed by staining for cell type-speci®c
markers immediately after ganglion dissociation, a largeFIG. 4. Immunohistochemical detection of CNTFRa and Q211
proportion of DRG cells do not express any cell type-speci®con the cell surface of cultured DRG neurons from E5 and E11
chick embryos. E5 DRG cells (A±C) and E11 DRG cells (D±F) antigens (Rohrer et al., 1985). This population contains,
were cultured for 1 day. Live cultures were then double stained for among other cells, neuron progenitor cells that differentiate
CNTFRa (B,E) and Q211 (C,F) using anti-rabbit- and anti-mouse- into neurons in vitro (Rohrer et al., 1985; Gottmann et al.,
speci®c secondary antibodies, respectively. Note that all cells with 1991). In agreement with these previous studies, we ob-
neuronal morphology are stained for both CNTFRa and Q211 and served that in E5 DRG, Q211-positive neurons represent
that ¯at, phase-dark nonneuronal cells are negative. (A,D) Phase- about 22 { 5% of the ganglion cell population (Table 1).
contrast and (B,C,E,F) ¯uorescence optics. Scale bar, 25 mm.
CNTFRa is expressed on 44{ 5% of the cells, i.e., on Q211-
positive neurons and a population of Q211-negative cells.
After 1 day in culture all CNTFRa-positive cells also ex-
ing on spinal cord sections is largely uniform (Fig. 3F), indi- press the Q211 antigen (Table 1), suggesting that CNTFRa
cating that the later born interneurons also express is expressed on Q211-negative neuron precursor cells that
CNTFRa. As shown in Fig. 3E, also at these stages acquire Q211 antigen during the 1-day culture period. This
CNTFRa-IR is completely blocked by preincubation with notion is supported by the observation that cells with neu-
the antigen, CNTFRa. Besides the lateral motor column ronal morphology, expressing CNTFRa-IR but negative for
also cells of the Column of Terni, the preganglionic sympa- Q211-IR, can be observed in 3-hr cultures (Fig. 5). In order
thetic neurons, can be clearly distinguished (not shown). to address this point more directly, we eliminated the Q211-
The expression of CNTFRa in these two neuron popula- positive neurons from E5 DRGs by complement-mediated
tions is in agreement with the demonstration that their cytotoxic kill (Rohrer et al., 1985; Rohrer and Thoenen,
survival is supported by CNTF both in vivo and in vitro 1987) and analyzed the coexpression of CNTFRa and Q211
(Arakawa et al., 1990; Blottner et al., 1989; Sendtner et al., after 3 and 24 hr. As expected, the percentage of cells ex-
1992; Oppenheim et al., 1991).
With respect to paravertebral sympathetic ganglia,
CNTFRa-IR becomes ®rst detectable at stage 21 in the pri-
mary sympathetic ganglia and its expression is maintained TABLE 1
throughout sympathetic ganglion development. The stain- Expression of CNTFRa and Q211 Antigen on E5 DRG Cells
ing intensity is, however, considerably lower than that for
CNTFRa/ cells Q211/ cellsthe DRG.
Time in culture (%) (%)
3 hr 44 { 5 22 { 5CNTFRa Expression Is Restricted to the Neuronal
1 day 43 { 5 43 { 4Lineage in the DRG
To de®ne the identity of cells expressing CNTFRa-IR in Note. Values represent the mean { SD of at least three indepen-
dent experiments.the developing DRG, ganglia were dissociated to single cells
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FIG. 5. Immunohistochemical detection of CNTFRa and Q211
on the cell surface of neurons and neuron precuror cells from E5
DRG. E5 DRG were dissociated to single cells, plated, and double
stained after 3 hr for the presence of CNTFRa (B) and Q211 (C).
Note that CNTFRa-positive cells with neuronal morphology lack
Q211 expression. (A) Phase-contrast and ¯uorescence (B,C) optics.
Scale bar, 25 mm.
pressing both antigens after the kill is very low in 3-hr
cultures (9.2 { 1.7%; n 3) and increases to 98.5 { 1.4 % (n
 3) within 24 hr, indicating that CNTFRa-positive/Q211-
negative cells are indeed sensory neuron precursors.
The early expression of CNTFRa on Q211-negative cells
raised the question of whether CNTFRa is expressed during
proliferation of DRG neuron precursor cells. Neuron-spe-
ci®c b tubulin, detected by the monoclonal antibody TuJ1
(Memberg and Hall, 1995), and Hu antigen (Marusich et al.,
1994) are neuron-speci®c genes already expressed in divid-
ing neuron precursor cells. Double staining of E5 DRG cells
FIG. 6. Immunohistochemical detection of CNTFRa and neuron-for CNTFRa and neuron-speci®c b tubulin or Hu antigen
speci®c b tubulin in E5 DRG cells. E5 DRG were dissociated toin 3-hr cultures revealed that all neuron-speci®c b tubulin-
single cells, plated, and double stained after 3 hr for the presencepositive cells and all Hu antigen-positive cells also ex- of CNTFRa (B) and neuron-speci®c b tubulin, using the TuJ1 anti-
pressed CNTFRa-IR. On the other hand, most, but not all, body (C). Note that only one CNTFRa-positive cell lacks neuron-
CNTFRa-IR cells were also stained by anti-neuron-speci®c speci®c b tubulin (open arrow). Arrows indicate cells that lack both
b tubulin (84 { 6%; mean { SD; n  3; Fig. 6) and anti-Hu CNTFRa and neuron-speci®c b tubulin. Scale bar, 10 mm.
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FIG. 7. Identi®cation of proliferating CNTFRa-positive cells by in vivo [3H]thymidine labeling combined with in vitro CNTFRa staining.
E5 embryos were treated with [3H]thymidine for 3 hr, DRG were dissected, dissociated to single cells, and stained for CNTFRa-IR. The
cultures were then processed for autoradiography. [3H]Thymidine-labeled cells can be identi®ed by the accumulation of silver grains. (A)
Phase-contrast, (B) immuno¯uorescence, (C) bright-®eld. Scale bar, 10 mm.
antigen (81{ 2%; mean{ SD; n 3, not shown) antibodies. and Q211-positive cells had incorporated [3H]thymidine. As
expected from our ®nding that CNTFRa is expressed earlierThese results demonstrate that CNTFRa is expressed before
these markers in chick DRG neurons. than Q211, CNTFRa-positive cells were labeled in a higher
proportion than Q211-positive cells after the 24-hr pulseTo address the question of whether CNTFRa is expressed
in proliferating neuron precursors, [3H]thymidine-labeling (Table 2). Taken together, these results show that CNTFRa-
IR appears during the terminal mitosis of sensory neuronexperiments were carried out. [3H]thymidine was applied
for different time periods in vivo, followed by the dissocia- precursor cells. Thus, CNTFRa is the earliest detectable
neuronal marker for the DRG neuronal lineage describedtion of the ganglia and the identi®cation of thymidine-la-
beled cells in short-term cultures (Rohrer and Thoenen, to date.
1987) (Fig. 7). We observed that after a short 3-hr pulse about
5% of CNTFRa-positive cells had incorporated [3H]-
thymidine and 31% of the total cell population were labeled CNTFRa Is Part of Functional CNTF Receptors in
(Table 2). In agreement with previous studies (Rohrer and Early Sensory Neurons
Thoenen, 1987) Q211-positive cells were not [3H]thymidine
The early onset of CNTFRa expression raised the ques-labeled. When the ganglion cells were analyzed 24 hr after
tion of whether this is also re¯ected by the onset of CNTFthe [3H]thymidine pulse, a large proportion of CNTFRa-
receptor signal transduction. To assess CNTFRa function
we chose to compare the kinetics of CNTF-dependent
STAT3 phosphorylation between E7 and E11 sensory neu-
rons in vitro, because STAT3 phosphorylation marks an
TABLE 2
essential step in CNTF/GPA receptor signal transduction
Expression of CNTFRa and Q211 Antigen on Proliferating (Stahl and Yancopoulos, 1994) and antibodies that cross-
E5 DRG Cells
react with chicken STAT3 are available. E7 and E11 DRG
[3H]Thymidine/ neurons were treated in vitro with low, picomolar concen-
[3H]Thymidine [3H]Thymidine/ of CNTFRa/ [3H]Thymidine/ trations of CNTF that are suf®cient to activate the high-
pulse of total cells cells of Q211/ cells af®nity CNTFRa receptor complex but not LIF receptors
(duration) (%) (%) (%)
(Davis et al., 1993; Stahl and Yancopoulos, 1994). These
3 hr 31 { 4 (9) 5 { 1 (10) 1 { 1 (6) cells were then analyzed for STAT3 phosphorylation. It was
24 hr 72 { 5 (4) 39 { 6 (4) 22 { 1 (4) observed that both at E7 and E11 CNTF treatment resulted
in a rapid increase in STAT3 phosphorylation (Fig. 8). When
Note. Values represent the mean { SD from the analysis of at
we quanti®ed the extent of STAT3 phosphorylation as theleast four embryos. Please note that the proportion of [3H]-
ratio of phosphorylated STAT3/total STAT3 a signi®cantthymidine-labeled CNTFRa/-cells in 3-hr cultures is low compared
difference in the extent of STAT3 phosphorylation couldto other proliferating cells in the DRG: 25% of CNTFRa/, Q2110
be detected. In E7 sensory neuron cultures STAT3 phos-cells are labeled compared to 39% of CNTFRa0 cells (results cor-
rected for nonproliferating Q211/ cells). phorylation levels doubled after 10 min of CNTF treatment,
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whereas in E11 cultures STAT3 phosphorylation increased idly acquire neuronal morphology and the neuronal marker
Q211. The presence of CNTF-mediated STAT3 phosphory-10-fold during the same period (2.04 { 0.16; mean { SD,
E7; vs 10.55{ 4.36; mean{ SD, E11; P£ 0.05, n 3, t test). lation in E7 DRG neuron cultures suggests a role for
CNTFRa ligands in early DRG neurons. The correlationThus, CNTF is nearly ®ve times more potent in STAT3
phosphorylation at E11 than at E7. between the increase in CNTF receptor-mediated sensory
neuron survival and the increased level of STAT3 phosphor-
ylation indicates that a threshold of STAT3 phosphoryla-
CNTF Receptor Signal Transduction Does Not tion must be reached to elicit neuron survival.
Result in Neuron Survival during Early To investigate the expression of CNTFRa protein during
Development nervous system development, a polyclonal antiserum was
raised against soluble, recombinant CNTFRa, which subse-To identify the biological function(s) linked to the CNTF
quently was af®nity puri®ed. The af®nity-puri®ed anti-receptor in early sensory neurons, the effects of GPA and
CNTFRa antibody recognizes a single band with an appar-CNTF on neuron survival were investigated. CNTF and
ent molecular weight of 70 kDa. This is slightly smallerGPA were found to support the survival of E11 DRG neu-
than the apparent molecular weight (73 kDa) determinedrons at low, picomolar concentrations (EC50 1 and4 pM,
by crosslinking of iodinated GPA or CNTF to CNTFRafor GPA and CNTF, respectively) (Fig. 9). This corresponds
expressed in a mammalian cell line (HEK-293) (Heller et al.,to the af®nity constant of the high-af®nity CNTF receptor
1993). The most likely explanation for this difference are(Huber et al., 1993; Wong et al., 1995). At E7 the concentra-
different glycosylation patterns of CNTFRa expressed intions of GPA or CNTF required to elicit half-maximal neu-
human embryonic kidney cells compared to chick neurons.ronal survival (EC50) are more than 100-fold higher than for
The speci®c staining by anti-CNTFRa antibodies on West-E11 DRG neurons (Fig. 9B). In addition, the maximal sur-
ern blots, tissue sections, and cultured cells was completelyvival amounted to about 70% of the cells plated at E7, com-
inhibited by preincubating the antibody with its antigen,pared to 80±90% at E11 (Fig. 9). Thus, both GPA and CNTF
CNTFRa. The staining pattern for CNTFRa protein is indisplay neurotrophic activity for immature E7 DRG neu-
good agreement with previous results on the expression pat-rons only at very high pharmacological concentrations.
tern of CNTFRa mRNA (Heller et al., 1995), which is a
further indication for the speci®city of the antibody and
leads to the conclusion that the af®nity-puri®ed CNTFRa-DISCUSSION
antibody is a suitable tool to study CNTFRa expression at
the protein level.In the present paper, the developmental expression of
To de®ne the onset of CNTFRa expression during neu-CNTFRa and CNTF receptor function was analyzed in the
ronal development we focused on the DRG, as considerablechick DRG. CNTFRa-IR is restricted to the neuronal lin-
evidence is available on the timing of neurogenesis and gliaeage and is ®rst detectable in proliferating neuron precursor
generation. The ®rst CNTFRa-positive cells in the DRGcells. These cells express the early neuronal markers neu-
were observed at stage 19. The cells displayed CNTFRa-IRron-speci®c b tubulin and Hu antigen. In culture, they rap-
on the cell body and short processes that are directed toward
the dorsal part of the neural tube and the spinal nerve, re-
spectively. On parallel sections, stained for the neuron-spe-
ci®c marker Q211, no immunoreactive cells were observed
in the DRG region, indicating that CNTFRa expression pre-
cedes Q211 antigen expression. Two stages later, at stage
21, the amount of CNTFRa-IR has increased and the dorsal
root entry zone in the spinal cord is heavily labeled. This
could be due either to the large amount of membrane pres-
ent in the growth cones entering this area or to a speci®c
enrichment of CNTFRa at this location. As a similar high-
FIG. 8. Kinetics of STAT3 phosphorylation in E7 and E11 DRG level expression at the dorsal root entry zone was also ob-
neurons. E7 and E11 DRG neurons were cultivated for 1 day and served after staining for the neuronal surface marker Q211,
then stimulated for the indicated amount of time (min) with 1 ng/ the latter possibility is less likely. CNTFRa-IR of DRG neu-
ml CNTF. For each condition 8 mg of protein lysate was separated rons increases in intensity between stages 21 (E3,5) and 30
on a 9% SDS±PAGE and blotted with antibodies speci®c for the (E7) and is maintained at a high level until the latest time
phosphorylated form of STAT3 (upper blot) and then with antibod- point analyzed, stage 38 (E12).
ies recognizing total STAT3 (lower blot). In both E7 and E11 sensory
The staining of DRG axon tracts indicated that CNTFRaneuron cultures CNTF-dependent STAT3 phosphorylation can be
is expressed by a considerable proportion of the neuronaldetected. Cellular extracts of the carcinoma line A431 stimulated
population in this ganglion. To investigate whether all DRGwith 50 ng/ml EGF served as a positive control. The apparent mo-
neurons are CNTFRa-positive and whether ganglion non-lecular weight of STAT3 is approximately 92 kDa. The position of
the marker protein phosphorylase B is indicated on the right. neuronal cells also express CNTFRa, DRGs were dissoci-
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FIG. 9. Effect of GPA and CNTF on the survival of DRG neurons from E7 (squares), E9 (circles), and E11 (triangles) chick embryos. DRG
neuron populations were plated in the presence of GPA (A) and CNTF (B) at the indicated concentrations and the number of surviving
phase-bright neurons was determined after 2 days in culture and referred to cell counts carried out after 3 hr. Data presented are means
{ SD of at least three independent experiments. In (C) the EC50 values are given for GPA and CNTF for the different developmental stages
of DRG neurons investigated.
ated to single cells and analyzed in vitro for the expression pattern of CNTFRa and the in vitro effects (Ernsberger et
al., 1989; Ip et al., 1994) suggested that CNTF may be in-of CNTFRa. CNTFRa-IR was found on all DRG cells with
neuronal morphology. By double staining with the neuronal volved in the control of neurogenesis (Ip et al., 1994; Ip and
Yancopoulos, 1996). The sympathetic neuronal lineage is,marker Q211 all CNTFRa-positive cells were shown to ex-
press the Q211 antigen in E11 embryos. In comparison, dur- however, distinguished from other neuronal lineages by the
fact that immature sympathetic neurons, expressing a num-ing neurogenesis in the DRG (Carr and Simpson, 1978),
CNTFRa was also detected on Q211-negative cells. These ber of neuronal properties, maintain the potential to prolif-
erate (Rothman et al., 1978; Rohrer and Thoenen, 1987).cells often displayed neuronal morphology and within 1
day in culture began to express the Q211 antigen. We have Thus, it is not clear whether CNTF-mediated effects on
sympathetic neuron proliferation re¯ect the unique proper-previously demonstrated that this Q211-negative cell popu-
lation contains neuron progenitor cells that rapidly differen- ties of these cells or, alternatively, are representative for
neurogenesis in general (for discussion see Rohrer, 1990).tiate into neurons, re¯ected by the appearance of the Q211
antigen and expression of voltage-dependent ion currents Neurogenesis in the DRG is characterized by the prolifer-
ation of undifferentiated neuron progenitor cells that start(Rohrer et al., 1985; Gottmann et al., 1988). We now showed
that immunoselected CNTFRa-positve, Q211-negative to differentiate after withdrawal from the cell cycle during
the terminal mitosis. This process of neuron birth extendscells acquire the Q211 antigen and neuronal morphology
within 1 day in culture. In agreement with the notion that in the chick DRG until E7 (Carr and Simpson, 1978). If
CNTFRa ligands are involved in the control of neuron pre-CNTFRa-positive cells are neuron precursor cells, we found
that these cells expressed markers (neuron-speci®c b tu- cursor proliferation, CNTFRa must be expressed on prolif-
erating cells. Indeed, we have now demonstrated thatbulin, Hu antigen) that are ®rst expressed in proliferating
neuron precursor cells. The ®nding that not all CNTFRa- CNTFRa-IR is expressed in DRG cells that incorporated
[3H]thymidine during a short 3-hr pulse. It should be pointedpositive cells express neuron-speci®c b tubulin or Hu anti-
gen suggests that the onset of CNTFRa expession slightly out that the intensity of CNTFRa-IR was generally low in
[3H]thymidine-labeled cells and that only a small proportionpreceeds that of the other genes. With respect to the non-
neuronal cell population, no evidence for the expression of of CNTFRa-positive cells are [3H]thymidine-labeled. Com-
pared to CNTFRa-negative cells, the proportion of [3H]-CNTFRa was obtained.
Recently, CNTFRa expression was described in distinct thymidine-labeled CNTFRa-positive neuron precursor cells
(CNTFRa//Q2110) is considerably lower, suggesting thatregions of the ventricular zone that show high rates of per-
sisting mitotic activity in the early postnatal rat (Lee et the onset of CNTFRa expression is during, rather than be-
fore, the terminal mitosis.al., 1997). GPA and CNTF have previously been shown to
interfere with the proliferation of immature sympathetic It is generally assumed that the other components of the
CNTF receptor complex, LIFRb and gp130, are ubiquitouslyneurons (Ernsberger et al., 1989) and a sympathoadrenal-
derived transformed cell line (Ip et al., 1994). The expression expressed and that the responsiveness of cells to GPA or
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8714 / 6x2f$$$121 10-13-97 13:05:06 dba
11CNTFRa Expression and Function in Chick DRG
CNTF is determined by the expression of the ligand-binding for the ability of immature sympathetic neurons to survive
in the presence of NGF (v. Holst et al., 1997).subunit. Since strong developmental changes in gp130
mRNA expression were observed in other parts of chick The lack of CNTF/GPA effects on sensory neuron sur-
vival during early development is in agreement with thePNS (Geissen, unpublished observations) an investigation
of CNTF receptor function was indicated. Signal transduc- analysis of CNTFRa (0/0) transgenic mice that display nor-
mal-sized DRG and sensory neuron numbers in neonataltion of the CNTF receptors involves the phosphorylation
of STAT3 by Jak kinases (Stahl and Yancopoulos, 1994). animals (DeChiara et al., 1995). The normal number of
DRG neurons also argues against CNTFRa function in theAs STAT3 is 100% conserved at the phosphorylation sites
between chick and mammals (Geissen, unpublished re- control of neuron proliferation. However, the present dem-
onstration of an early onset of CNTF receptor signalingsults), antibodies raised against a synthetic phosphorylated
peptide corresponding to residues 701±709 of mouse STAT3 indicates that CNTFRa ligands may play a role in early
neuron development of the DRG and in other parts of thewere used to analyze STAT3 phosphorylation at residue
Tyr705. Phosphorylation of this residue is essential for di- nervous system. Recent studies in mammalian and chick
retina implicate CNTFRa signaling in the speci®cation ofmerization and nuclear translocation of STAT3 (Ihle, 1995).
CNTF-induced STAT3 phosphorylation was observed both certain neuronal phenotypes (Fuhrmann et al., 1995; Kirsch
et al., 1997; Ezzedine et al., 1997). These ®ndings are ofin E7 and E11 sensory neuron cultures, although the phos-
phorylation levels were about ®vefold higher at E11. particular interest as they indicate a function of CNTF in
the determination of cell fate elicited in or by postmitoticThe early expression of CNTFRa-IR and functional
CNTFRa signal transduction (as judged by STAT3 phos- immature neurons. It is expected that detailed analysis of
animals with impaired CNTF receptor function will revealphorylation) on developing DRG neurons is in marked con-
trast to the previously reported inability of E8 DRG neurons additional roles of CNTF receptor signaling in other neu-
ronal lineages.to be supported in vitro by CNTF (Manthorpe et al., 1986).
As E8 DRG neurons were found to respond in vitro to GPA
(Eckenstein et al., 1990) we have reinvestigated the survival
effects of CNTF and GPA on early DRG neurons. This anal- ACKNOWLEDGMENTS
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